Porcine circovirus type 2 (PCV-2), is linked to PCV-2 associated disease, which has caused considerable economic loss in the swine industry. Here, we report the genetic diversity of PCV-2 in China. A total of 74 Chinese PCV-2 strains sequenced between 1999 and 2017 were studied. Based on the ORF2 and complete genomes, we found that apart from the PCV-2a, PCV-2b, and PCV-2d genotypes, two unstable recombination genotypes also exist, referred to as IM1 and IM2 genotypes. We found that the patterns of PCV-2 genetic shift in China are similar to the patterns at the global level. Additionally, for the PCV-2 ORF2 gene of Chinese isolates, we found a similar time to the most recent common ancestor and evolutionary rate to the global values. This indicates that PCV2 genetic diversity in China is driven by genetic drift/recombination of local strains and by the sporadic introduction of foreign genotypes from other countries. Overall, our study illustrates the genetic diversity and evolution dynamics of PCV-2 in China.
replication of PCV-2 (Mankertz, Buhk, Blaess, & Mankertz, 1998) .
ORF2 encodes the Cap protein, which is the main immunogen and interacts with dynein IC1 (Cao et al., 2015) . The ORF2 gene is commonly used for analysing PCV-2 genetic diversity (Olvera, Cortey, & Segalés, 2007) . The ORF3 and ORF4 are associated with the regulation of apoptosis (He et al., 2013; Lin et al., 2018; Liu, Chen, & Kwang, 2005) .
Porcine circovirus type 2 is a small DNA virus with the highest recorded nucleotide substitution rate among single-stranded DNA viruses (Firth, Charleston, Duffy, Shapiro, & Holmes, 2009) . With the increasing number of reported PCV-2 strains, a criteria for the classification of PCV-2 genotypes, based on pairwise sequence comparison (PASC) and linearized phylogenetic tree, was proposed by members of the EU consortium on porcine circovirus disease in 2008 (Segales et al., 2008) . Based on this criteria, PCV-2 strains were classified into three genotypes including PCV-2a, PCV-2b, and PCV-2c. However, the phylogenetic method based on a p-distance of 0.035 for the ORF2 and 0.02 for complete genomes (Davies, Wang, Dvorak, Marthaler, & Murtaugh, 2016; Franzo et al., 2015; Segales et al., 2008) were recently queried (Franzo et al., 2015) and needed further refinement. The PCV-2d genotype was recently reported to become the potential predominant genotype in the United States, China, Korea, and Thailand (Jiang et al., 2017; Kwon et al., 2017; Thangthamniyom et al., 2017; Xiao, Harmon, Halbur, & Opriessnig, 2016) . Interestingly, this recent genotype shift from PCV-2b to PCV-2d appeared mainly in pig herds vaccinated with a PCV-2 vaccine. With increasing number of sequences available in recent years, some intermediate and new genotypes have been proposed (Bao et al., 2018; Thangthamniyom et al., 2017; Xiao et al., 2016) . Moreover, highly divergent sequences have also been reported elsewhere (Franzo, Cortey, Segales, Hughes, & Drigo, 2016; Xiao, Halbur, & Opriessnig, 2015) . Given that the topologies of the trees were different when different PCV-2 reference strains were analysed, the previously preferred genotyping criteria based on NJ methods with p-distance substitution model can be considered unreliable (Li, He et al., 2018; .
In the past years, other studies have provided remarkable knowledge of PCV-2 epidemiology (Firth et al., 2009; Li et al., 2016; Qu et al., 2018; Xiao, Halbur, & Opriessnig, 2012) . Nevertheless, there is few reports on the evolutionary dynamics of PCV-2 in China. In this study, we investigated the prevalence of PCV-2 based on 418 clinical pig samples collected nationwide submitted for routine diagnosis and determined the genetic diversity of Chinese PCV-2 strains from 1999 to 2017. We aimed to elucidate the molecular epidemiology of PCV-2 at the national scale and determine the factors that have shaped its evolution in China.
| MATERIALS AND METHODS

| Sample information
For PCV-2 frequency investigation in China, 418 tissue mixture samples including lungs, lymph nodes, and spleens were collected from pig farms in 21 provinces, four autonomous regions, and three municipalities of China during the period 1996-2017 ( Figure 1a ).
| DNA extraction, qPCR detection, and genome sequencing
All the samples were individually placed in separate clean containers with phosphate-buffered saline (PBS), frozen and thawed three times and centrifuged for 10 min at 845 g. The supernatants from 418 tissue samples were used for PCV-2 DNA extraction using the UNIQ-10 Column Virus Genomics DNA Isolation Kit (Sangon Biotech, Shanghai, China) following the manufacturer's instructions. Absolute quantitative real-time PCR reported in a previous study was used for detecting PCV-2. To obtain the complete genome of PCV-2, the primers F-sac2 and R-sac2, described previously (Fenaux et al., 2002) , were used. The PCV-2 genome was cloned into the pMD18-T vector (TaKaRa, Beijing, China) and sequenced.
| Sequence alignment and model test
A total of 269 PCV-2 genomes and ORF2 sequences were retrieved from GenBank. The complete genome sequences were assembled and analysed using Megalign and EditSeq softwares (DNASTAR, USA), respectively. Reference sequences were randomly selected from early, middle, and late deposition in GenBank (https://www.ncbi.nlm.nih. gov/). All the Chinese ORF2 gene non-recombinant sequences were also used to perform phylogenetic analysis using the Bayesian Markov chain Monte Carlo (MCMC) method. All the sequences were aligned using ClustalW using MEGA 7.0 (Kumar, Stecher, & Tamura, 2016) .
The best fit nucleotide substitution model was selected using jModelTest (Posada, 2008) . RAxML (v8.2.10 ) was used to construct ML trees using the best fit general time reversible substitution model with a proportion of invariant sites and gamma distributed rate heterogeneity (GTR+I+G) with 1,000 bootstraps. Due to the high recombination of the ORF1 gene, the analysis was performed using the ORF2 gene (Xiao et al., 2015) . After removing recombinant sequences, MCC trees were reconstructed using the BEAST package (v1.8.4) (Drummond & Rambaut, 2007) . The parameters for the inference of the MCC tress included the GTR+G model, uncorrelated relaxed clock with lognormal distribution, and the coalescent was Bayesian skyline model. The chain length was 100,000,000 with a sampling frequency every 10,000 steps. Two independent MCMC analyses were run and combined using Logcombiner with a burn-in of 10%. The summary final tree was created using TreeAnnotator. Additionally, all estimated parameters were summed up with the mean and 95% highest posterior density (95% HPD). A similar statistical method was performed for estimating the the most common recent ancestor (tMRCA) and evolutionary rates of individual genotypes and the PCV-2 population in China. Recombinant isolates were analysed independently. The detail methods have been previously described (Li, He et al., 2018 Table S1 ).
| Phylogenetic and evolution dynamics analysis
| Phylogenetic and recombinant analysis of PCV-2 using ORF2 and complete genome sequences
The genetic diversity of 74 PCV-2 strains sequenced here were analysed together with PCV-2 sequences deposited in GenBank database. Genetic analysis and phylogenetic construction were performed using ORF2 sequences, complete genome sequences, and the reference sequences using the Maximum Likelihood (ML) method. Based on the ML tree, the global PCV-2 ORF2 sequences could be divided into seven genotypes, PCV-2a, PCV-2b, PCV-2c, PCV-2d, PCV-2e, and two intermediate (IM) genotypes. 74 Chinese PCV-2 strains analysed was distributed in PCV-2a (5.1%), PCV-2b (52.7%), PCV-2d (33.8%), and IM (7.7%) (Supporting Information   Table S1 ). Interestingly, two of newly Chinese strains, HYan09 and NBiao10, and the four early divergent PCV-2 strains (GD24, GD23 FJ3-1999, and FJ6-1999) In general, the ML tree based on complete PCV-2 genome sequences was similar with that of the ORF2 gene (Figure 2b ). The only difference was the PCV-2-IM1 genotype was close to PCV-2a in complete genome and to PCV-2d in ORF2 and the PCV-2-IM2 genotype was close to PCV-2d in complete genome and to PCV-2a in ORF2 ( Fig. 2A and B) . Based on combined phylogenetic structure of ORF2 and the complete genome, we hypothesized that HYan09, NBiao10 (belonging to the IM1 genotype) and the GD24, GD23, FJ3-1999, and FJ6-1999 (belonging to the IM2 genotype) experienced recombination, which was confirmed by the RDP4 recombination analysis (date not shown). Collectively, PCV-2b and PCV2d become the two predominant genotypes in China.
| Characterization of PCV-2 strains circulating in China during the period 1999-2017
The nucleotide homology of 74 Chinese PCV-2 complete genomes were analysed to detect the relationship between and within the different genotypes (Table 1) . We found that the genotype IM1 shared the highest nucleotide similarity with the PCV-2d genotype (96.3%-97.3%); the IM2 genotype had the highest nucleotide homology with the PCV-2b genotype (95.7%-96.4%), and the IM1 genotype had the highest genome identity with the genotype IM2 (95.7%-96.1%).
Among the PCV-2a, PCV-2b, and PCV-2d strains sequenced in this study, genotypes PCV-2b and PCV-2d had the highest nucleotide identity (95.5%-97.2%). On the other hand, genotype PCV-2e had the lowest nucleotide identity to the other genotypes in all the comparisons.
| Evolutionary dynamics analysis
As seen in Figure 3 and Supporting Information Table S2, all 219 non-recombinant PCV-2 ORF2 sequences from China and PCV2c sequences are divided into four genotypes including, PCV-2a, PCV2b, PCV-2d, and PCV-2e. Additionally, in China tMRCA of the F I G U R E 2 The phylogenetic ML tree of PCV-2 strains including the strains sequenced in this study and strains deposited in GenBank. Table S2 ). We found it is similar with previous reports (Firth et al., 2009; Franzo et al., 2016; Xiao et al., 2015) .
| DISCUSSION
Porcine circovirus type 2 is considered to be one of the most common pathogens among pigs with PCVD causing severe economic losses in the swine industry nationwide. Since the serological survey F I G U R E 3 MCC tree of the PCV-2 ORF2 gene scaled to time using the GTR+G nucleotide substitution model with an uncorrelated lognormal relaxed clock. PCV-2 isolates sequenced in this study are indicated by red dots. The number on the node indicates mean tMRCA of each clade [Colour figure can be viewed at wileyonlinelibrary.com] of PCV-2 infection was published in China in 2000 (Hong, Zhang, Fa, & Zhang, 2000) , two genotype shifts of PCV-2a and PCV-2b have In China, several publications showed a wide prevalence of divergent PCV-2 strains in Chinese pig herds (Shuai et al., 2007; Wang et al., 2009; Wen, Guo, & Yang, 2005) . However, our phylodynamic analysis revealed that the tMRCA of PCV-2 and genotypes PCV-2a, PCV-2b, PCV-2d estimated in China were similar to previous reports (Firth et al., 2009; Xiao et al., 2015) . Moreover, the recombinant genotypes, IM1 and IM2, which were defined recombination genotypes in previous PCV-2 worldwide evolution reports (Xiao et al., 2015) . The high genetic diversity of Chinese PCV-2 might be due to various factors, including vaccination pressure, natural selection, and international movement of pigs.
In conclusion, we found the coexistence of multiple PCV-2 genotypes in Chinese pig herds, showing that the prevalence of PCV-2 in China in the past 20 years is complicated. The predominant genotypes has shifted from PCV-2a to PCV-2d. The genetic diversity of PCV-2 is continuously increasing and recombined genotypes have emerged. These findings highlight the importance of understanding the prevalent genotypes and dynamics of genetic diversity within Chinese PCV-2 strains.
